Abstract: To investigate the nature of the ψ(3770) resonance and to measure the cross section for e + e − → DD, a cross-section scan data sample, distributed among 41 center-of-mass energy points from 3.73 to 3.89 GeV, was taken with the BESIII detector operated at the BEPCII collider in the year 2010. By analyzing the large angle Bhabha scattering events, we measure the integrated luminosity of the data sample at each center-of-mass energy point. The total integrated luminosity of the data sample is 76.16±0.04±0.61 pb −1 , where the first uncertainty is statistical and the second systematic.
Introduction
The ψ(3770) is the lowest mass charmonium state above the DD threshold, and is generally regarded as the 1 3 D 1 dominant charmonium state [1] . To investigate the nature of the ψ(3770) resonance, the BE-SIII Collaboration performed a cross-section scan experiment, in which e + e − data at 41 center-of-mass (CM) energy (E cm ) points from 3.73 to 3.89 GeV were collected. This data sample, referred to as the "ψ(3770) cross-section scan data," was collected during the time period from June 1st to June 16th, 2010.
The ψ(3770) cross-section scan data can be used to study the line-shapes of the cross sections for various hadronic final states produced in e + e − annihilation in the energy region around the ψ(3770). Amplitude analyses of these line-shapes of cross sections will provide crucial information to explore the anomalous line-shape observed by the BESII experiment in 2008 [2] . These also benefit the measurements of the parameters of the ψ(3770) resonance and shed light on the understanding of the branching fraction of ψ(3770) → non-DD [3] [4] [5] [6] [7] decays.
In this paper, we present measurements of the integrated luminosity of the ψ(3770) cross-section scan data at each E cm by analyzing large angle Bhabha scattering events. We follow a method similar to that used in the measurement of the integrated luminosity of the data taken at E cm = 3.773 GeV with the BESIII detector [8] . Furthermore, the luminosities are checked with an independent measurement by analyzing e + e − → (γ)γγ events.
BESIII detector
BEPCII [9] is a double-ring e + e − collider. The design peak luminosity is 1 × 10 33 cm −2 s −1 at a beam current of 0.93 A and was achieved in 2016. The BESIII detector [9] has a geometrical acceptance of 93% of 4π and consists of the following main components: 1) a smallcelled, helium-based main drift chamber (MDC) with 43 layers. The average single wire resolution is 135 µm, and the momentum resolution for 1 GeV/c charged particles in a 1 T magnetic field is 0.5%; 2) an electromagnetic calorimeter (EMC) made of 6240 CsI (Tl) crystals arranged in a cylindrical shape (barrel) plus two endcaps. For 1.0 GeV photons, the energy resolution is 2.5% (5%) in the barrel (endcaps), and the position resolution is 6 mm (9 mm) in the barrel (endcaps); 3) a Time-Of-Flight system (TOF) for particle identification composed of a barrel part made of two layers with 88 pieces of 5 cm thick, 2.4 m long plastic scintillators in each layer, and two endcaps with 96 fan-shaped, 5 cm thick, plastic scintillators in each endcap. The time resolution is 80 ps (110 ps) in the barrel (endcaps), corresponding to a 2σ K/π separation for momentum up to about 1.0 GeV/c; 4) a muon chamber system (MUC) made of 1600 m 2 of Resistive Plate Chambers (RPC) arranged in 9 layers in the barrel and 8 layers in the endcaps and incorporated in the return iron of the superconducting magnet. The position resolution is about 2 cm.
Method
In principle, any process with a well-known crosssection can be used to determine the integrated luminosity of the corresponding data set. The luminosity L can be calculated by
where N obs is the number of observed events, η is the background contamination rate, σ is the cross section and ε is the detection efficiency.
In e + e − experiments, useful processes for the determination of integrated luminosity are the QED processes e + e − → (γ)e + e − , e + e − → (γ)γγ and e + e − → (γ)µ + µ − since they have precisely calculated cross sections in QED and relatively simple and distinctive final states. According to its largest production cross section, the Bhabha scattering process (e + e − → (γ)e + e − ) is used to measure the integrated luminosity of the ψ(3770) crosssection scan data. In this work, Babayaga v3.5 [10] is adopted as the generator to determine the cross sections and the detection efficiencies.
Luminosity measurement

Event selection
The Bhabha scattering candidate events are selected by requiring exactly two oppositely-charged tracks that are well reconstructed in the MDC and satisfy | cosθ| < 0.70, where θ is the polar angle of the charged track. Each good charged track must satisfy |V r | < 1 cm and |V z | < 5 cm. Here V r and V z are the closest distance of the charged tracks to the interaction point in the plane perpendicular to the beam direction and along the beam direction, respectively.
To suppress the backgrounds from e + e − → J/ψX, where the J/ψ decays into a e + e − pair, and X refers to γ ISR , π 0 π 0 , η, π 0 , or γγ, the sum of the momenta of the two good charged tracks is required to be greater than 0.9 × E cm /c. The momentum of each good charged track is also required to be less than (E b /c+0.15) GeV/c, where E b is the beam energy and 0.15 GeV/c is about 4 times the momentum resolution [8] . The energy deposited in the EMC of each charged track (E EMC ) is required to be larger than 1 GeV to reject the background from e + e − → (γ)µ + µ − . After applying the above selection criteria, most of the surviving events come from the process e + e − → (γ)e + e − . Taking E cm = 3.7358 GeV as an example, comparisons of the distributions of the momentum, polar angle and deposited energy in the EMC of the charged tracks between data and Monte Carlo (MC) simulation are shown in Fig. 1 . Good agreement between data and MC simulation is observed.
Background estimation
Most of the surviving candidate events are from e + e − → (γ)e + e − . Potential background contamination includes two parts. One is the beam-associated background, such as beam-gas and beam-wall events. The other is background from
To study the beam-associated backgrounds, we analyzed the separated-beam data samples collected at 3.400 GeV and 4.030 GeV with BESIII. To estimate the background contamination rates for the other background processes, we analyze large MC samples generated at E cm = 3.773 GeV. The overall contamination rate η is estimated by
where σ i and η i are the cross section and the contamination rate for a specific process i, respectively; and σ Bhabha and ε Bhabha are the cross section and detection efficiency, respectively, for the Bhabha scattering process. The overall contamination rate of these backgrounds is estimated to be at the level of 10 −4 .
Numerical result
Inserting the numbers of observed Bhabha scattering events, the contamination rates of backgrounds, the detection efficiencies and cross sections calculated with the Babayaga v3.5 generator [10] into Eq. (1), we obtain the integrated luminosity at individual CM energy points for the ψ(3770) cross-section scan data.
The measured integrated luminosities are summarized in the second column of Table 1 . The total integrated luminosity of the ψ(3770) cross-section scan data is determined to be 76.16 ± 0.04 ± 0.61 pb −1 , where the first uncertainty is statistical and the second systematic, which will be discussed in the following. 
Systematic uncertainty
The main sources of the systematic uncertainty are the event selection, the trigger efficiency, the generator, and the beam energy. Due to the low luminosity of individual data sets, we take the average value among the 41 CM energy points as the systematic uncertainties to avoid large statistical fluctuations.
To estimate the systematic uncertainty of the cosθ requirement, we repeat the measurements with the alternative requirements | cos θ| < 0.60, | cosθ| < 0.65, | cosθ| < 0.75, or | cosθ| < 0.80, individually. The maximum relative change of the total integrated luminosity with respect to the nominal value is taken as the systematic uncertainty.
To study the systematic uncertainty arising from the MDC information, including the tracking and momentum requirements, we select a Bhabha sample using only EMC information. Two clusters must be reconstructed in the EMC with a deposited energy larger than 0.85 × E b and a polar angle within | cos θ| < 0.7. To remove e + e − → (γ)γγ events, an additional requirement of 5
• < |∆φ| < 22
• is imposed, where ∆φ is defined as ∆φ = |φ 1 −φ 2 |−180
• , and φ 1 and φ 2 are the azimuthal angles of the two showers in the EMC. The requirements on the MDC information are then imposed on the selected candidates, and the ratio of the surviving events is regarded as the corresponding acceptance efficiency. The difference of the acceptance efficiencies between data and MC simulation is taken as the relevant systematic uncertainty. 184.1 ± 1.9 ± 1.5 172.2 ± 4.6 ± 1.9
To estimate the systematic uncertainties of the EMC cluster reconstruction and E EMC requirement, we select a Bhabha sample with almost the same selection requirements as those listed in Section 4.1 except for the deposited energy requirement. Additional requirements of E EMC > 1.0 GeV and E EMC /p > 0.8 are imposed on one charged track and the other charged track is kept as the control sample. The difference of the acceptance efficiencies of the EMC cluster reconstruction and E EMC requirement between data and MC simulation are taken as the systematic uncertainties.
The uncertainty of the trigger efficiency is less than 0.1% [11] . The systematic uncertainty due to background is negligible. The uncertainty associated with the signal MC model due to the Babayaga generator is assigned to be 0.5% according to Ref. [12] . To estimate the systematic uncertainty due to beam energy, we repeat the measurement by shifting the CM energies by ±0.5, ±1 or ±2 MeV, individually. The largest change in total integrated luminosity with respect to the nominal value is assigned as the systematic uncertainty.
All of the systematic uncertainties are summarized in Table 2 . Assuming the individual uncertainties to be independent, the total systematic uncertainty, 0.8%, is calculated by adding them in quadrature. 
Cross check
As a cross check, we perform an independent measurement of the integrated luminosities of the ψ(3770) cross-section scan data by analyzing the process e + e − → (γ)γγ.
To select events from the process e + e − → (γ)γγ, we require that the number of good charged tracks is zero. Two neutral clusters are required to be within the polar angle region | cos θ| < 0.7 and the deposited energy of each cluster in the EMC should be larger than 0.4×E b . Since the directions of photons are not affected by the magnetic field, the two photon candidates should be back-to-back, and are required to satisfy |∆φ| < 2.5
• , where ∆φ is defined as previously. Figure 2 shows a comparison of the ∆φ distribution of the e + e − → (γ)γγ candidate events between the data taken at E cm = 3.7358 GeV and the corresponding MC simulation. Good agreement is visible.
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Events / ( 0.1 degree ) For the background estimation, we analyzed the separated-beam data samples collected at 3.400 GeV and 4.030 GeV with BESIII, as well as MC samples of ψ(3770) → DD, ψ(3770) → non-DD, e + e − → (γ)J/ψ, (γ)ψ(3686), qq, (γ)e + e − , (γ)µ + µ − , and (γ)τ + τ − . The total contamination rate is estimated to be at the level of 10 −3 . The integrated luminosity for the individual CM energy points is determined with Eq. (1) by using the numbers of observed e + e − → (γ)γγ events, the contamination rates of backgrounds, the corresponding detection efficiencies, and cross sections calculated with the Babayaga v3.5 generator [10] , as summarized in the third column of Table 1 . The main sources of the systematic uncertainty arise from the EMC cluster reconstruction, the requirements on | cosθ|, E EMC and ∆φ, the trigger efficiency, the generator, and the beam energy. Most sources are the same as those in the luminosity measurement using Bhabha scattering events, and the corresponding systematic uncertainties are determined with the same approach. To estimate the systematic uncertainty originating from the requirement on ∆φ, which is only used in the selection of e + e − → (γ)γγ events, we repeat the measurements with the alternative requirements |∆φ| < 2
• or |∆φ| < 3 • , individually. The maximum relative change of the integrated luminosity with respect to the nominal value is taken as the systematic uncertainty. The individual uncertainties are summarized in Table 2 , and the total systematic uncertainty, 1.1%, is obtained by assuming the different systematic sources independently and adding the individual values in quadrature.
The total integrated luminosity measured using e + e − → (γ)γγ events is 75.50 ± 0.09 ± 0.83 pb −1 , which is consistent with the result obtained using e + e − → (γ)e + e − within uncertainties, but with relatively larger statistical and systematical uncertainties.
Summary
By analyzing e + e − → (γ)e + e − events, we measure the integrated luminosities of the ψ(3770) cross-section scan data taken at 41 CM energy points. The total integrated luminosity of the ψ(3770) cross-section scan data is determined to be 76.16 ± 0.04 ± 0.61 pb −1 , where the first uncertainty is statistical and the second systematic. As a cross check, we also perform a measurement of the integrated luminosity for the ψ(3770) cross-section scan data using e + e − → (γ)γγ events. The results are consistent with that of the previous measurement, but with relatively larger uncertainty. The obtained integrated luminosities at the individual CM energy points are summarized in Table 1 . The results provide important information needed to measure the cross sections of exclusive or inclusive hadronic production in e + e − annihilation and thus benefit the understanding of the anomalous lineshape of e + e − → inclusive hadrons observed at BESII, the nature of the ψ(3770), and the origin of the large branching fraction of ψ(3770) → non-DD decays [2] .
